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By Abraham L. Berlad

SUMMARY

Flame quenching by a varigble~width rectangular-slot burner as a
function of pressure for various propane-oxygen-nltrogen mixtures was
investigated. It was found that for cold gas temperatures of 27° C,
for pressures of 0.1 to 1.0 atmosphere, and for volumetric oxygen frac-
tions of the oxidant of 0.17, 0.21, 0.30, 0.50, and 0.70, the relation
between pressure p and quenching distance 4 is given by 4 o p-7T,
with r =1, for equivalence ratios approximstely equal to one. For
the complete range of equivalence ratlos studied, 1t was found that
0.60 s r £1.12,

The quenching theory of Simon end Bellese was used to predict velues
of r for the range of pressures and 02/(02 + NZ) ratios encountered

in this study. For equivalence ratios less than or equal to unity, the
predicted velue of r deviated from the observed value by an average

of 7.1 percent. For equivalence ratios greater than unity, this devia-~
tion increased to 13.6 percent. It was further shown, for equlvalence
ratios less than or equal to unity, that an equation based on a diffu-
slon mechanism and containing one empiricel constant mey be successfully
used to predict the observed quenching distance within 4.2 percent. The
equation in its present form does not appear to be sultaeble for values
of the equivelence ratioc grester than unity.

A theoretical investigation has also been made of the error implic-
it in the assumption that flame quenching by plane parellel plates of
infinite extent is equivalent to thet by a rectanguler burner. A curve
is presented which relates quantitatively the magnitude of this error
to the length-to-wldth retio of the rectangular burner. It is showmn
that a length-to-width burner ratio of 10, or more, involves a differ-
ence in the quenching distences, as measured in these two ways, of 3
percent or less,
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INTRODUCTION

The quenching of a flame by a chamnnel of a given size and shape is
an easily measured phenomenon which may supply much information relating
to the many other sassociated flame phenomena. Thus, the distance of
closest approach of & flame to a cold wall, the minimum ignition energy,
the relative abllity of a stable flame to generate a large asmount of
heat per unit volume per unit time, the critlcal conditions of con-
tailner geometry, pressure, and temperature under which this flame can
or cannot exist may all be related to the gquenching distance. The
quenching dlstance itself varies with fuel type, oxidant type, fuel-
oxidant ratio, quenching surface geometry, temperature, end total
pressure.

Several quentitative attempts to relate quenching distance to the
Fundemental properties characterizing the combustion wave have been
made. Lewls and von Elbe (ref. 1)} have relsted quenching distance to
minjmm ignition energy and burning velocity by assuming that a con-
sideration of heat-transfer processes alone is sufficient to explain
the behavior of the combustion wave. No thorough test of this theory
has been made, chiefly because of the lack of low-pressure burning-
veloclty data. A quenching theory is proposed in reference 2 in which
the diffusion of H, 0, and OH radicals in the flame front plays the
vital role in determining whether or not the flame will be quenched by
a given wall geometry. This latter theory can be readily applied (once
flame equilibrium radlecal concentrations are calculated) and has been
succeseful in predicting quenching distances for propane-azilr, ethylene-
alr, and lscoctane-air flames over a range of pressures. In addition,
reference 2 gives a relation between quenching distance as defined by
the separation distance of plane parallel plates of infinlte extent and
that defined by the diameter of a cylinder.

The work herein reported 1s part of a flame-propagation Investigs-
tlon which was performed at the NACA lLewils laboratory with a water-
cooled rectangular-slot burner to measure the gquenching of propane-
oxygen~-nitrogen flames over a range of pressures, oxygen countent of the
oxldant, and fuel-oxidant ratio.

The obJectives of this investigation were:

(1) To provide the datas necessary to describe the wall quenching
of propane-oxygen-nitrogen flames as a function of fuel-
oxidant ratio, oxygen content of the oxidant, and pressure

(2) To treat these data in the light of current theoretical con-
cepts of flame quenching and thus help to establish those
relations which may properly serve to emphasize the important
processes taking place in the combustlion wave and which may
thus prove useful in predilcting quenching distances and other
flame phenomena over a large range of conditions
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(3) To consider quantitatively the errors involved in the often-
made assumption that a rectangular-slot burner of various
length-to-width ratios has the same quenching action as e
narrow slit of infinite length

EXPERIMENTAT. DETATLS

Quenching-distance burner. - The quenching-distance burner used in
meking these measurements is shown in flgure 1. The burner was made of
stainless steel. The deslred fuel-oxidant mixture was introduced through
three inlets located at the bottom of the burner channel and designated
A, Fine glass beads B were sandwiched between two layers of 200-mesh
stainless steel screen which served both as a flow straightener and as a
flame arrestor. The jacketed walls of the burner were kept at 40° C by
circulating water. This wall temperature was sufficiently high to pre-
vent condensation of water on the burner lip. The burner length was 5
inches and the slit width, established by adjusting the moveble burner-
lip assembly, was never more than l/ 2 inch. Two inside-thickness gages
were used at the ends of the rectangular slot to determine the burner
wall separation. A spark ignitor wes used to esteblish a flame atop the
rectangulsr burner port. A thermocouple C was employed to measure local
temperatures and to indicate flash back of the flame through the rec-
tangular channel of the burner.

Flow system. ~ A schematic diagram of the quenching distance setup
is shown in figure 2. Two similar injection and metering sections were
used for the oxident and fuel. The tanked Op-No mixtures A and the
tanked propene B each passed through separste pressure-regulation and
filtering stages, C and D, respectively. Critical flow orifices E were
used to meter both oxidant and fuel. Solenoid valves F were both either
fully open or fully closed. Fuel and oxidant were mixed just shead of
the valve G and flame arrestor H and then fed into the quenching-distance
burner J. The gquenching-distance burner was situated in a four-windowed,
pressure-tight burner chamber I of 3.5-cublc-foot capacity. The pressure
in the burner chember was given by & mercury menometer M. The burner
exhsust L. 1led to a cold trep O and then to a 4£0-cubic-foob-capacity
plenum P. The pressure in I was regulated by first adjusting the throt-
tling valve Jjust shead of the 34-cublc~foot-per-minute exhsust pump. The
desired pressure was then obtalned by adjusting the room air or nlitrogen
bleed K or by injection of service air N into the exhsust.

Gas mixtures. - Oxygen-nitrogen mixtures for which a = Op/(0g + Np)

(volumetric oxygen fraction) was 0.17, 0.21, 0.30, 0.50, and 0.70 were
used as oxidants. The supplier's stated accuracy for these oxidants was
+0.1 percent O2. The propene used in these experiments had a stated

purity of 99.9 percent.
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Procedure. - Quenching data were obtained in the following way.
Inside~thickness gages were used to estgblish and measure the burner-wall
separaetion, The burner chamber I was then closed. The exhaust pump was
started and properly throttled. Ailr flow through K or N was used to
stabillize the burner pressure ir the reglion of interest. Solenoids F
were opened and pressure regulators C adjusted to provide critical flows
through the two orifices E. The desired fuel-oxidant mixture was then
ignited et the burner port. Pressure and tempersture upstream of the
fuel and oxident orifices were recorded. The combustion pressure, in I,
was stebllized and recorded. The determination of whether or not the
given fuel-oxldant mixture, burning at s given pressure, would be
quenched by e rectangular channel of known dimensions and temperature
was made as follows. Solenolids F were simultaneously and suddenly
closed. The flame seated on the burner would then either die on the
burner 1llp or flesh back through the rectanguler burner channel. Flash
back was detected by a thermocouple at the hottom of the channel. If
flash back did occur, the pressure was lowered and stabilized at a some-
what reduced level and the experiment repeated until & pressure wes
reached st which no flash back occurred. Conversely, 1f flash back did
not occur, the pressure was raised and stebillzed at a somewhet higher
level and the experiment repeated until a pressure was reached at which
flash back dld occur. The test procedure was then continued and the
limiting pressure taken to be the highest pressure st whlch flash back

did not occur.

Experimental errors. ~ The uncertainty in the determination of
pressure limits for a given fuel-oxidant ratio and quenching distance
was 0.02 inch of mercury or 6.7X10-4 atmosphere. This corresponds to
& maximum error of 0.7 percent in the pressure limit, at a pressure of
0.1 atmosphere. Added to thils error, however, were the ones arising
from uncertainties in the fuel and oxldant flows and 1n the burner-wall
separation. The uncertalnty in the calibration of the critlcal flow
orifices was £1 percent. Further, the uncertainty in reading the pres-
sure and tempersture, upstream of the criticsl flow orifices, intro-
duced an additlorsl error in the flow having s meximum value of 0.5
percent. The uncerteinty in the quenching distance was +0.001l inch.
The error in the pressure limits caused by uncertainties in determining
oxidant-fuel ratio varied from very small near the minlmim of the p
against O/F curve (fig. 5) to fairly large where the curve is steep.
Similarly, the error in the pressure limit caused by uncertainties in
the measurement of the burner spacing is greater for small openings
éhigh pressure and oxygen concentrations) and less for large openings

low pressures and oxygen concentrations). It is estimated from the
general reproducibility of the data that the averasge error in the pres-
sure limit is +£2 percent.
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GEOMETRICAL CONSIDERATIONS

In reference 2, the average chain-length celculations of Semenoff
(ref. 3) are used to derive expressions for the quenching distance
associated with plane parallel pletes and with cylindrical tubes. The
ratio of plane-parallel-plate and cylindrical-tube quenching distances
is calculated to be 0.61. In practice, of course, the case of the in-
finitely long, plane-parallel-wall burner is spproximated by a
rectangular-slot burner. A comparison of the propasne-air rectangular-
slot-burner quenching dats of Friedmen and Johnston (ref. 4) with the
cylindrical-tube dete of reference 5 was made (ref. 2), and the average
ratio of the quenching distances was found to be 0.70 as compared with
the theoretically predicted value, for the ideal case, of 0.61l. At
least part of this difference may be attributed to the "end effects”
assoclated with the rectangular-slot burner. It is also evident that
these end effects depend upon the length-to-width ratio of the burner
slot. Length-to-width ratiocs as low as 3.6 were, on occasion, employed
in obtaining the data of reference 4.

In order to calculate the guenching effect for a given rectangular-
slot-burner geometry, it is necessary to consider the effect the slot
geometry can have on the flame. Fortunately, the criteria which affect
the slot geometry end effects appear to be independent of the theory
employed to calculate them since the differentisl equations and the
boundary conditions which characterize the interaction of the wall with
the flame are formally the same whether the wall acts as & radilcal sink
(diffusion theory) or as & heat sink (thermal theory). In one case, the
equations describe the spatial distribution of the concentration of
actlve particles which are genersted uniformly through the volume and
which are destroyed upon collision with the boundsry. In the other case,
the equations describe the spatisl distribution of the flame temperature
in a region where heat is being generated uniformly throughout the volume
end lost by conduction to the constant~-temperature walls.

The effect of slot geometry on the flame has been calculated with
the use of the diffusion equation (appendix B). The results presented in
figure 3 show that if the length-to-width ratio of a rectangular burner.
is kept at 10, or greater, the error involved in assuming the apparatus
to consist of plane parasllel walls of infinite extent is 3 percent or
less. This condition was satisfied in this investigation. Figure 3 shows
the error incurred in meking the assumption that the slot 1s infinitely
long. Thus, for & rectangulsr burner where b/dr = 3.6 (one of the values
encountered in ref. 4), the error involved is 9 percent. The value
dp/de = 0.61 (ref. 2) may be combined with the dp/dy values of figure 3

to comstruct figure 4, where dr/de is plotted against dp/b for the
range O = (dp/b) S 1. It is thus evident that quenching dste obtained

through the use of a rectangular-slot burner of varlable length-~to-width
ratios should, if these data are to be considered as plane-parallel-wall
detea, either represent cases where end effects are negligible (as is
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considered to be the case in this work) or should be properly corrected.
The data, thus reduced to the ideal plane-parallel-wall case, may then
be considered on a common basis.

EXPERIMENTAL RESULTS

Experimental propane-oxygen-nitrogen quenching dete are recorded in
table I and curves of critical quenching pressure as a function of
oxidant-fuel ratic for four different burner widths and for each of the
o values 0.17, 0.21, 0.30, 0.50, 0.70 are shown in figure 5. In these
flgures, an equivalence ratio scale ®, as well as an oxidant-fuel ratio
scale O/F, is given. Stoichiometric oxidant-fuel ratio is indlcated
in each figure by a short vertical line; placed just above the O/F
scale. These curves are entirely anslogous to flammabilility limit curves
obeserved in cylindrical tubes (ref. 5) and are, in fact, flammability
limit curves for rectangular channels, The portion of these data re-
lating to propane-air quenching appears to agree guite well with the dsta
reported in reference 4.

As expected, parebola-like curves are obtained, with pressure minima
generally located in the region 1.0 < $< 1.2. The pressure region 0.1
atmosphere to 1.0 atmosphere having been chosen for investigation, it was
then necessary to use progressively smaller burner wall separations as a
was increased from 0.17 to 0,70, The extent of the data to Limiting
valuee of ¥ on either side of ® = 1 was essentially determined by
either the ability to seat a steble flame on the burner or the pressure
renge for the investigation. Limit pressuge associated with rich flames
of cellular structure caused no apparent dlscontinuity in the varlation
of p with O/F for any values of o and 4 investigated.

Data teken from the curvee of figure 5 were used to construct least
squares logarithmic plots of quenching distance against pressure for each
of the five o values investigated and for as wlde a range of ® values
as the datas covered. The slopes of these 1llnes m are related te the
observed values of r in table IT by the relation

m=2r - 1
where

r negative of the power describing the pressure dependence of the
quenching distance, & ®@ p~%* '

THEORETICAL CONSIDERATIONS
Quenching-Distance Theory

In vlew of the fact that extensive low-pressure propane-oxygen-
nitrogen burning velocity data do not exist, the thermal gquenching theory
of reference 1 could not be adequately tested. Consequently, only the
active-particle quenching-distance equation of reference 2 was examined.

This equation 1s given by
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A (T2 e /2
a=|d () —E— (1)
k1 \To/ .z 21
£ 1 Dy
where
a guenching distance, cm
A fraction of molecules present in ges phase which must react for
Plame to continue to propageate
ki specific rate constant for reaction of active particles of one
kind with fuel molecules, (cm3)(molecules-l)(sec-1)
T reaction temperature, °K -
To initial burner wall temperature and temperature of unburned gas, °K
n power describing temperature dependence of diffusion coefficient,
D @T®
G constent associated with quenching geometry (12 for plane parallel
plates)
Ne number of fuel molecules per unit volume, number/cm3

p P D
z._i =P._H+D_OE+D_O.
151 Dg Do %o
partial pressure of hydrogen atoms, atm

diffusion coefficient for hydrogen atoms diffusing into unburned
gas at 27° C and atmospheric pressure, sg cm/sec

Pog partial pressure of hydroxyl radicals, atm

Dog diffusion coefficient for hydroxyl radicals diffusing into un-
burned gas at 27° C and atmospheric bressure, 8q cm/sec

Py partial pressure of oxygen atoms, atm

Do diffusion coefficient for oxygen atoms diffusing into the un-
burned gas at 27° C and atmospheric pressure, sq cm/sec

The rectangular-slot-burner data of reference 4 were used in refer-
ence 2 to test this equation for propane-air flsmes. The following
values were used:

Nf¢ 1/2 of the fuel molecules present in the unburned gas at T
n 2

G 12 (for plane perallel plates)
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Dg 1.8 sq cm/sec
Dy 0.4 sqg cm/sec constant for all compositions

Dog ©0.28 sq cm/sec

0.7 Te

In order to apply equaetion (1) over a wide range of gas composition,
pressure, and temperature, the following conditions should be satisfied:

(1) A1l the quantities necessary for the calculation of 4 mst be
readlly obtalnsble.

(2) Inasmuch as A/k; is not readily calculable, it should be a
known function (prefersbly & constant) for any given fuel-oxidant system.

(3) Because of the large mumber of assumptions impllicit in the deri-
vation and use of the equation, its correctness and range of applica-
bllity should not critically depend upon a very rigild choice of values
for those quantities whose true values are open to some debate. Thus,
for example, the equation should be useful even when the diffusion
coefficients and the temperature dependence of the diffusion coefficients
employed are assigned acceptable values other than those used in
reference 2.

Calculetion of Flame Temperatures, Dlffusion Coefficients,
and Free Radical Concentrstions

In an attempt to correlate the quenching data, as well as to test
the usefulness of equation (1), T¢, Nes; PHs» Pos PoEs DHs Doy 8nd Doy
were calculsted.

The quentities Tg, N, Py, Pgs» and pog Were computed by the same

methods employed in reference 2. The active particle concentratlon was
obtained from hydrogen atom, oxygen atom, and hydroxyl radical equi-
1librium product concentrations at flame temperature. The tables of
thermodynsmic constants of reference 6 and the value of the heat of for-
mation of propane given in reference 7 were used, in conjunction with
the matrix method of reference 6 to celculate equilibrium product con-
centrations and adlebatic f£lame temperstures. The calculations were
made for & range of pressures and oxidant~fuel ratios for each of the
propane-oxygen-nitrogen systems investligated. The values of Py and

T are gliven in table III.
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In view of the fact that the proper temperature dependences for Di
are uncertain, it was assumed that the temperature dependence of the
diffusion coefficients is given by

D @ 7167

The expected range for n is (3/2 < n €2). Velues of 1.02, 0.29, and
0.26 square centimeters per second were calculated {eppendix C) for the
diffusion coefficlents of hydrogen atoms, oxygen atoms, and hydroxyl
radicals, respectively, into a stoichiometric propane-air mixture at a
pressure of 1 atmosphere and a temperature of 27¢ C. The relation
suggested by Curtiss snd Hirschfelder (ref. 9) was employed to calculate
the varietion of the diffusion coefficlents with composition of the un-
burned ges. This variation was small. The methods and considerations
involved in the calculation of the various diffusion coefficients are

given in appendix C.

Pressure Dependence of Quenching Distance

The theory presented in reference 2 predicts the pressure dependence
of the quenching distance to be given by

d=p 2 =pT (2)

where m 1is the slope of the stralght line defined by

PH , Po , PoH
log (ﬁ + S + Pog ) = ™ log p + constant (3)

Experimental values of r are obtained from the slope of the least
squeres logerithmic plot of quenching distance against pressure and sre
compared to the theoretically predicted ones in table II. This 1s done
for oxidents having o values of 0.17, 0.21, 0.30, 0.50, and 0.70, and
for a range of equivalence ratios equal to or less than unity. It should
be noted that experimentally and theoretically, r depends on both o
and ®@. Both theory and experiment show that r +tends to increase as
o Increases and that the value of r does not vary greatly and is close
to unlty over the range of o« values lnvestigated. The average devia-
tion of the theoretical r values from the observed ones is 7.1 percent.
The theory predicts that r increases with « and with ®(0 < ¢ <1).
The one calculated exception to this theoretical trend is the case where
r varies from 0.88 for P = 0.94 to 0.85 for @@= 1.00 and o = 0.17.
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This minor inversion may be explained in the following way. The PogE
term reaches & maximum at @ < 1.0 vhereas the pg 7term reaches a -

meximum at ® 2 1.0. For a = 0.17, the decreasing contribution of

Po Por

55 + 5SE outwelghs the increasing contribution of PH/DH’ as @ changes
from 0.94 to 1.00. Thus, ¥ p,;/D; ie smaller at @ = 1.00 than at

® = 0.94. . _ e o L

3125

In general, the variatlion of the observed r values with @, for a
given value of o, 1s somewhat larger than that predicted by theory.
Also, contrary to theory, the observed value of r decreases as @
increases to unity, for values of o = 0.50 and 0.70.

It should be noted that expression 2 is derived from a theory which,
as expressed in equation (1), 1s intended for use with lean or stoichio-
metrlc mixtures only. The fact that equation (2) does predict a pressure -
dependence of the quenching distance which agrees well with the observed
rich values is shown by the comparlson of observed and calculated values
of r given in teble IT. For values of ® > 1, the average deviation -
of the calculated r values from the cobserved ones i1s 13.8 percent.
This relatively good agreement is plausible if it is noted that

(1) Even for the case where E Pi/Di becomes quite small, m 1is
not greatly reduced.

m+l
(2) The term p 2  was shown to describe the pressure dependence
of d as a result of considering all the pressure-dependent terms that
appear in equation (1). An equetion similar to equation (2) might be
possible for rich mixtures if Np and E Pi/Di (eq. (1)) are replaced

by other terms having approximastely the same pressure dependence.

Comparison of Experimental and Predicted Quenching Distances

Equation (1) has been used successfully (ref. 2) to correlate the
propane-ailr quenching-distance data of reference 4. To test the use-
fulness of this equatlion gver the range of ® (®=<1), a, and p en-
countered in thils work, 3% was plotted against
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for each value of «. Separate plots for o« = 0.17, 0.21, 0.30, 0.50,
and 0.70 are shown in figure 6. It is seen that a good straight-line
plot is defined in each case, indicating

A __ at _a
BT % @/ ¥
Ne § Pi/Dy

is equael to & constant for each value of a. From the slopes of the a2
ageinst ¥ plots (fig. 6) it is Ffournd that A/ky increases from a value

of 0.1694X102 molecule-seconds per cuble centimeter, for o = 0.17, to
& value of 0.2380X1012 for « = 0.70. It should be noted that the per-
cent deviation of the observed values of 4 from those which m=y be
predicted is only one helf as large as the corresponding percent devia-
tions indicated for d4=2.

Although the dependence of A/k; on « is too large to be ne-
glected, 1t may be observed from figure 7 that a logerithmic plot of az
against ¢ (which includes the data for all observed values of o and
for ©® < 1) correletes the data quite nicely. A semllogarithmic plot of
A/k; egainst o is shown in figure 8. If it is assumed that A is

constant for all «, then one is led to the conclusion that k3 decreases

with o (or T). This could be possible only if the reaction mechanism
were changing in just the right way. But then the validity of assumptions
concerning the nature of the over-~all reaction is greatly weakened. The
speclfic rate constant has been calculated from burning-velocity data
according to the method employed in reference 2 and a plot of k4 sagainst

o 1is shown in figure 9. As expected, ki increases with increasing «.
That A 1s not a true constant is suggested by the fact that both A/ki
end k4 incresse with «, even when calculations are made by the methods

of reference 2. From this treatment it appears that the quenching dis-
tance equation term A/k; is a proportionality factor that is very mildly

dependent upon «. When so considered, equation (l) was found to predict
propene-oxygen-nitrogen system guenching dlstances within 4.2 percent of
the experimental values for a range of o &and p vealues for values of
P <1. This 4.2 percent deviation represents an average value for the

64 guenching-distance values used 1n constructing the curves of figure 6.
The fact thet it is a relatively small deviation strongly supports the
main premise of referernce 2, namely that a2 o ¥. This good agreement
has been obtained even when the temperature dependence of the diffusion
coefficients waes changed from n = 2.00 to n = 1.67 and when other
reasonsble values for Dgg, Dg, and Dy were substituted for those

employed in reference 2.
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As noted earlier, equation (1) camnnot be expected to be valid for
values of @ > 1. However, if equation (1) is applied to data of rich .
mixtures, 1t is found that the equation represents the data very badly
for low values of o but that it improves markedly es o increases
to 0.70. This can be used, perheps, as a measure of how different the
over-all rich side kinetics are from those on the lean side.

It should be further noted that the success of equation (1) in no
way rules out the possibility that a thermal theory of flame quenching
could be made to work as well.

3125

SUMMARY OF RESULIS

The results of an investigation of flame quenching by a variable-
wldth rectangular-slot burner as a function of pressure for wvarious
propane~-oxygen-nitrogen mixtures may be summarized as follows:

1. Critical quenching pressure against oxidant-fuel ratio curves
have been cbtained. Pressures between 0.1l atmosphere and 1.0 atmosphere .
a8 well as four burner widths for each of the oxygen fraction
0o/ (05 + Np) values 0.17, 0.21, 0.30, 0.50, and 0.70 were investigated.

2. Calculations have been made and curves presented which glve the
error incurred in assuming that flame quenching by rectangular channels
18 equivelent to flame quenching by plane parallel plates of infinite
extent. The error inherent in this assumption is related to the length-
to~width raetlo of the rectangular burner.

3. For equivalence ratios ¢ approximetely equal to unlty, the
observed relation between pressure p and quenching distance 4
(d ® p~T) is approximately given by r = 1. For the range of
02/(0g + Ng) &nd @ velues investigated, 0.60 £ r < 1.12.

4. Calculatlons made by the guenching-distance equation proposed by
Simon and Belles predict a pressure dependence of the quenching distance
which deviates from the observed pressure dependence by an average of
7.1 percent for ® < 1 and by an average of 13.8 percent for ©® > 1.

5. Application of this quenching-distance equation to the datas indi-
cates that:

(a) The variation of the square of the quenchlng distance with
¥, for a given value of 05/(0p + Np) and for values of ¢ = 1,
is preserved even when the value of n (the temperature de-
pendence of the diffusion coefficient) 1s changed from 2 to 1.67
and when values for D; significantly dlfferent from those

orlginally used by Simon and Belles are employed.
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12 (Tr/To)™
d.z @Y = ( I'/ g)
Nf z Pj_; 5

i
(where T,. and Ty are the temperatures of the reaction and
the cold gas, respectively, Ny is the number of fuel mole-
cules per unit volume, and Py and Di ere the partial

pressure and the diffusion coefficient, respectively, for the
ith gpecies)

(b) The quenching equation may be used to predict the quench-
ing distances for values of @< 1. These predicted values
deviate from the observed. ones by an average of 4.2 percent.

(¢) For values of @ > 1 and in its present form, the guench-
ing equation cannot properly be used to predict the observed
quenching distances.

CONCLUSIONS
From the results of this investigation it may be concluded that:

1. The quenching distance as measured by plane parallel plates of
infinite extent differs by less than 3 percent from that obtained through
use of a rectangular burner, as long as the length-to-width ratio of the
rectangular burner is 10 or greater.

2. The pressure dependence of the gquenching distance does not vary
appreciebly with oxygen concentration of the oxidants.

3. An equation based on diffusion processes may be successfully used
to predict propasne-oxygen~nitrogen quenching distances for a range of
pressures, fuel-oxidant ratios, and oxygen concentrations of the oxidant,
for values of ¥ < 1.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, November 25, 1953
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

fraction of molecules present in the gas phase which must react
for the flame to continue to propagate

length of rectengular burner lip

totael number of active particles In rectangular chennel

numerical concentration of active particles

average concentration of active particles per unit volume

number of active particles generated per unit time per unit volume

diffusion coefficient associeted with diffusion of hydrogen atoms
into unburned gas st 27° C and p = 1 atmosphere

diffusion coefficient associated wlth mixbture of two gases of
species i and

diffusion coefficient associated with diffusion of oxygen atoms
into unburned gas at 27° C and p = 1 atmosphere

diffusion coefficient associated with diffusion of hydroxyl radi-
caels into unburned gas &t 27° ¢ and p = 1 atmosphere

quenching dlstance
diameter of cylindrical burner that will just quench a given flame

wall separatlon of plane parsasllel wall burner that will just
quench a given flame

width of rectangular burner that will jugt quench a given flame
constant associsted with quenching geometry
Boltzmann constant {c.g.s. units)

specific rate constant for reaction of active particles of one
kind with fuel molecules '

3125
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my mass of molecule of specles 1

N number density of molecules

Ne number of fuel molecules per unit volume

n power describing temperature dependence of diffusion coefficlent,
D oTR

o/F oxidant-fuel mass ratio

(O/F)S stoichlometric oxidant-fuel mass ratio

P total pressure

Py partial pressure of hydrogen atoms

Py partial pressure of ith molecular specles

PO partial pressure of oxygen stoms

POH partial pressure of hydroxyl radicals

T negative of power describing pressure dependence of quenching
distence, 4 ® p-T

ry molecular radius for particle of species 1

Te flame temperature

Ty reaction tempersature

To cold gas temperature

a 0o/ (0o + Np), volumetric ratio of oxygen content of oxidant to
oxygen content of air

53 viscosity

s _2E, P, o

iDs bg  Dog Do

® equivalence ratio = (0/F)g/(0/F)

12 (T,/T)R

v - N 3 D./D.
.
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APPENDIX B

QUENCHING EFFECTS OF RECTANGULAR CHANNELS COMPARED TO THOSE
OBTAINED FOR PLANE PARAIILEI. PLATES OF INFINITE EXTENT

Conslder a rectengle with center at the origin of the xy-plane.
The rectangle is of length b and of width 4. Let this rectangle
correspond to & typlcal cross section of a rectangular channel of in-
finite extent, in which active particles are being generated uniformly
throughout the volume. It 1s assumed that all actlve specles are de-
stroyed on collision with the walls.

The differential equation of diffusion describing thls case is

Cl i 8 a . = (B1)

subject to the boundary conditlons

x = £3/2
c =0 at
y=Y
and
X =X
c=0 at
¥y = /2
where
c numerical concentration of active particles

co mumber of particles generated per unlt time per unit volume

D diffusion coefficient

Considering a unit height, the total number of active particles in
the rectangular channel Cp i1s given by

CT=4j;b/2J;d/2cdxdy=4€J;b/zj;d/zd.xdy:Ebd (B3)

3125
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where

c average concentration of active perticles in volume

The formel mathematicel problem assoclated with equation (Bl) and
its accompanying boundary conditions (B2) corresponds to other physical
problems which have already been treated and are presented by Jakob and
by Purday (refs. 10 and 11, respectively). The results obtained by these
authors for various rectangular geometries may be employed to calculate
¢ and thus to construct the curves of flgures 4 and 5.

It is significant to note that the formal mathemsticel problem is
unchanged if the previously stated diffusion problem is replaced by one
in which heat is being generated uniformly in the volume and lost to
walls of a given temperature. The very same effect of geometry on
guenching distance is predicted on the basis of this thermal calcula-
tion, if it is assumed thet flame propagation or nonpropagetion is deter-~
mined by some critical value of the average flame temperature.
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APPENDIX C

DIFFUSION COEFFICIENT CALCULATIONS

The molecular and atomic radil employed in the diffusion coeffi-
cient calculations were obtained from several socurces. For a pressure
‘of 1 atmosphere and a temperature of o° ¢,

(l) rg = 1.40X10-8 centimeter is the value for the atomic oxygen
radiue given by Pauling (ref. 12).

(2) rog = 1.81X1078 centimeter is the value for the radius of the
oxygen molecules given by Chapman and Cowling (ref. 13).

(3) TNy = 1.88X10~8 centimeter is the value for the radius of the

nitrogen molecule given 1n reference 13.

(4) rg = 1.28%X10-8 centimeter is the value for the atomic hydrogen

radius calculated from the viscosity data given by Amdur (ref. 14).
This calculation was made with the following equaetion (ref. 13):

0.1792 (km,T)1/2
B 2

u
4r;

where 8l units are of the c.g.s. system and where
I viscosity

k Boltzmann'!s constant

my mWolecular mass

T ahsolute temperature

ry molecular radius

(5) rog = 1.62X10~8 centimeter is the radius of the hydroxyl redical
and represents a weighted average of the values obtained from

1
Yo == (T + 7T, )
OH 2 H2 02

3125
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and
Tog = [(rﬂ)s + (ro)3]1/3
where
T, 1.365X10-8 centimeter (ref. 14)
(8) TogHg = 3.11X10-8 centimeter is the radius of the propane mole-
cule, czlculsted from the viscosity data of reference 15.

The diffusion coefficient for a mixture of any two gases was cal-
culated from the equation (ref. 13)

_— 3 xT (mi + mj) 1/2
iJ T &x (r; + rj)z 2x my my

(c1)

where
N minber density of molecules
i,jJ subscripts identifying the molecular species

Exemination of the tdable on page 252 of reference 13 indicates that, for
the binary mixtures listed, use of the r values determined from viscosity
date does not yield, on the average, the experimentelly determined values
of Djj. In fact, the r values that do yield the experimentelly deter-

mined values of Dij (eq. (CL)) are, on the average, equal to 91.7 per-

cent of the r values determined from viscosity measurements. Con-
sequently, the r values used in equation (Cl) were asppropriately adjusted.
For a pressure of 1 atmosphere snd a temperature of 300° X, the following
values of D35 were cbtained. Units of Djj are square centimeters

per second.

= 0.547 | D, = 0.149 | D = 0.143
DH-CHg 0-CHg OH~CzHg

Do, = 1.11 Do-oy = 0-311 | Doy o, = 0.266

Dy, = 1.06 Do-mg = 0-30¢ | Dogy, = 0.262
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It was then assumed that the reciprocal of the average diffusion
coefficient for a multicomponent gas mixture is given by the molal
average of the reciprocals of the binery coefficients. This method,
suggested by Curtiss eand Hirschfelder (ref. 8), was then used to calcu-
late the diffusion coefficientes for the diffusion of O, H, and OH
into the various Og - Np - CzHg mixbures encountered.
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TABLE I. -~ OBSERVED QUENCHING DATA
Quenching| Oxidant- |Pressure, Puel- enching| Oxident- !Pressurs, Fuel-
distance, [fue) mass |p, in. Hg oxidant [jdistance, [fuel masas |p, in. Hg| oxidant

4, in. [ratio, O/F mase ratio,|| d, in. |ratie, O/F nans ratio,
B/0 F/0
Oxygen fraction, «, 0.17
0,215 12.74 18.5 0.07849 0,375 15.28 7.60 0.08553
13.38 17.1 07474 16.16 7.88 .08188
15.4 4.8 06494 17.31 6.60 +05777
16.32 15.5 08127 17.92 9.50 055680
17.60 17.1 08882 19.57 11.80 05110
18.56 8.7 05388 13.38 7.756 Q73564
19.81 22.0% L0B8048 20,21 12.95 -0 948
18.00 19.26 09263 12.90 30 07752
12.32% 21.15 08183 l2.22 9.25 ~08183
l2.21 23.60 08190 11.83 10.90 ~084 53
16.55 15.98 0842 1l.44 12.60 08741
20.80 26.2 -01854 11.42 16.20 08757
0.300 17.81 12.2 0.0%38% 0.50Q 11.26 22.45 0.08360
18,77 11.0 «0%963 1.3 14 .02 «0B533
15.68 10.7 .Q¢388 11.35 11.32 .03320
14.350 11.2 089893 11.48 10.88 .09217
19.29 14.1 05184 11.%8 8.70 08050
20.28 1le.3 04929 11.78 8.80 08089
20.78 17.6 04812 11.94 T.50 08531
13.65 12.0 071326 12.06 7.07 08282
12.70 14.0 Q7874 12.82 8.52 07924
11.88 18.4 08410 13.45 8.02 07435
12.2 18.1 08157 15.58 5.72 06418
11.80 22.9 OB 78 17.35 8.20 05764
18.52 7.01 08400
19.34 7.82 08171
20.36 .44 +04 911
Oxygen fraction, @, 0.21
0.150 10.%2 28.43 0.09508 0.300 8.81 26.52 0.1019
10.74 23.51 .09511 5.83 22.08 1017
11.48 18.15 08726 g.98 16.87 1002
13.03 14.70 07675 10.64 11.71 .093498
14.5) 13.88 .08892 11.03 10.22 .080868
16.52 14.81 . 11.69 8.48 08554
19.05 18.82 05255 13.24 &.57 07610
20,96 24.36 771 14.26 5.93 07013
21.90 775 ~O4568 15.64 6.21 06388
19.02 B8.27 05260
18.5%89 7.78 08438
21.03 1l.6¢ -O4 765
22.32 15.93 04480
25.18 20.55 +043518
23.67 24.87 04225
23.98 27.94 04188
0.200 10.29 25.24 0.09728 0.500 8.22 21.83 0.1030
10.61 19.63 08428 8o 24.14 -1048
11.46 14.62 08726 8.80 18.83 1042
13.12 11.18 Q7822 g.24 13.18 1016
14 .69 9.96 -06807 10.10 8.56 08624
15.98 1014 06297 11.23 8.0% 08805
17.07 10.95 05868 12.81 4.31 078086
18.51 12.68 05402 la.48 3.568 JL08X6
20.23 18.25 04943 16.78 3.80 05367
21.56 64 04634 18.69 4.12 05550
22.17 23.568 04811 20,18 5.39 04955
22.88 28.17 4374 22 .45 6.87 04454
2¢.18 14.93 04138
52 20.06 04078
24 .83 24 .37 <O 080
24 .71 26.89 04047
OQxygen fraction, a, 0.30
0.100 19.60 28,72 0.05102 0.215 14.26 §.5% 0.07013
18.92 24.88 .05288 15,88 6.5% 08258
17.80 20.16 05618 19.07 9.53 06244
15.48 12.78 .08460 11l.18 4,61 08946
13.10 10.78 0783 8.127 4.70 .1096
11.84 10.28 06446 9.535 .36 1049
10.98 10.22 08107 B.432 S.11 .1186
§.27 10.90 1079 18.48 8.35 05411
T.42 12.38 1348 21.33 14 .66 .0a€88
8.68 15.10 14897 23.0%8 20.77 04338
&.41 168.78 <1860 25.89 25.28 04186
S5.7% 25.20 1738 23.98 29.10 04174
5.61 28.52 1783 4.580 20.50 2279
4,673 26.25 .2140
4.910 16,26 « 2037
5.0%6 14 .62 .1982
5.772 9.98 <1733
6.582 T.12 21812
T.24T G.49 -1580
&8.038 5.11 1244
0.176 4.771 21.92 0.2096 0.300 4.11 28.15 Q.3435
4.939 25.18 <2026 4.20 24.2 2331
6.197 18.88 18924 4.37 18.26 .2248
5.822 11.81 «1718 4.77 10.45 - 2096
5.714 «63 .1489 5.31 6.96 +1883
18.42 1.83 05429 5.46 6.22 .1832
20,47 16.2%1 Q488 §.5C8 6.15 .1537
22,38 21,92 04472 7.116 4.12 +1408
23.83 29.08 04186 7.824 3.88 1278
8.78 5.82 o022 8.891 3.27 «1164
14.03 6.04 07128 9.468 3.22 1056
10.12 3.2 09881
10.90 3.43 09107
11.92 3.6l .08388
14.85 4,22 o
17.78 5.38 .05624
19.28 68.48 05187
22.15 10.04 <4515
24 .40 16.11 4008
26.62 24,33 03803

Sragel
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TABLE I. ~ Conoluded.

OBSERVED QUENCHING DATA

Quenching | Oxldant- [Pressure, ‘Fuel~ Quenching] OxIdant- [Fressure,{ Fuel-
distance, |fuel mass (p, in. oxidant distance, |fuel mass |p, in. Hg| oxident
d, in. |ratio, O/F mass ratio,|| d, in. |ratio, O/F mass retic
F/0 F/0
Oxygen fraction, a, 0.50
0.040 6,715 13.95 0.1489 0.100 5.478 5.26 ¢.1825
T.444 14.40 <1343 4.953 5.57 .2019
8.316 15,22 .1203 4,418 6.68 . 2263
10.92 18.82 .09158 4,019 7,65 .2488
12.11 21.63 .08258 3.288 12.33 .3041
14.51 28.2 .06882 3.047 15.15 .3282
7.142 13,96 .1400 2.848 18.53 .3511
5.799 13.71 1724 2,694 24 .65 .3712
4,817 14.86 .2076 6.352 5.25 .1574
4.001 18.72 «2499 7.222 5.28 .1385
3.729 22.85 .2682 7.951 5.48 .1258
3.435 25.78 .2911 9.469 6.03 .10586
11.48 T.41 0.08711
12.58 8.50 .07949
16.11 14.20 .06207
18.17 19.34 05504
18.39 24.68 .08157
19.76 28.64% .05061
0.075 6.413 7.18 0.1559 0.125 5.892 4.33 0.1697
T7.47 7.46 1339 7.638 4.74 .130%
2,526 8.73 1050 6.679 4.43 .1497
11.78 10.73 .08489 4.835 4.45 .2068
14.74 15.54 05784 4,024 5.1% 2485
16.99 21.67 .058886 9.080 5.37 .1101
17.91 25.29 .05583 11.23 6.84 .08905
18.35 28.00 .05450 14.61 9.86 06845
5.036 7.52 .1986 16.38 15.16 .06105
4.056 9.91 .2465 18.00 17.57 .05556
3.457 13.96 .2893 19.06 23.45 .05247
3.049 20.2 3280 19.55 27.55 .05115
2.893 23.9 «3457 3.50 7.15 .2857
2.862 26.65 .34%4 3.18 11.25 3135
Oxygen fraction, a, 0.70
0.040 5.923 8.83 0.1688 0.075 S5.184 5.27 0.1929
4.851 9.26 .2061 6.583 5.88 .1519
4,094 9.28 e 2443 7.909 6.65 .1264
3.547 9.83 .2819 10.12 8.04 .09881
7.931 11.59 .1261 11.50 9.39 .08696
9.099 13.18 .1099 13.61 12.21 .Q7348
10.55 16.06 .09479 15.58 16.29 .06418
12.87 20.63 .07770 2.155 26.30 «4640
14 .34 26.29 06874 2.227 21.55 .4490
2.682 27.15 .3729 2.364 17.186 .4230
2.792 21.60 .3582 2.605 13.27 «3839
3.270 16.30 .3058 3.043 8.59 .32886
3.370 7.69 .2967
3.7%4 6.23 . 2636
0.050 5.911 7.73 0.1692 C.100 2.274 14.15 0.4398
6.834 8.39 1463 2,628 9.02 3805
4.671 7.45 2141 2,063 20.10 4847
4£.127 T4l 2423 1.954 26.10 .5118
3.525 7.86 .2837 16.85 20.81 .05835
8,307 9.59 1204 17.46 26.16 .05727
9.763 11.28 «1024 12.07 8.48 .08285
11.10 13.61 .090089 15.06 13.87 .06640
13.58 17.61 .07364 9.087 5.08 .1100
14 .84 21.61 .06739 4,302 3.74 .2325
15.96 25.68 .06266 3.269 4.60 3059
16.85 28.55 05935 2.647 §.41 .3778
1,940 27.60 .5155 4.873 3.71 . 2052
2,051 22.60 .4876 5.855 3.83 .1708
2.277 16.65 4392 7.008 4.16 1427
2.638 12.16 «3791
t, 2.973 9.78 3364
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TABLE IT. - COMPARISON OF PREDICTED AND OBSERVED
PRESSURE DEPENDENCE OF QUENCHING DISTANCE

GaTC

Oxygen Equivalence | Pressure dependence of
fractlion, ratio, quenchling distance, r
@ ® Observed Predicted
0.17 0.943 0.90 C.88
1.000 .89 .85
1.340 .84 .75
1.530 .71 .75
0.21 0.738 0.85 0.86
.864 .84 .89
1.000 .88 .93
1.240 .95 .78
1.490 .98 .76
0.30 0.566 0.76 0.87
.8662 .93 .89
WTT73 1.06 .92
1.000 .98 .34
1.380 .93 .86
1.903 .74 .76
0.50 0.476 1.01 c.91
. D44 1.01 .93
.680 .96 .96
1.000 .93 .97
1.358 .91 .95
1.940 .88 .82
0.70 0.345 1.12 0.81
.395 l.12 .93
494 1.02 .96
1.000 1.01 .98
1.234 1.07 .98
1.829 .60 .89




EABLE III. - EQUILIHRIUN FLAME TEMPERATURES AND ACTIVE PARTICIE GUNCERTRATIONS FOR ¢ < 1

OEIESH WY VOVN

Equivalenae | Pressure, Flume Partial pressurec, atm Equlvalence{ Preesurs, Flame atm
ratio, D, temperature, P D, ratio, |0 temperature T, P
o on Ty, 0o Pg o ® on s oH 0
og %k
o= 0.17 a = 0.50
1.000 0.8584 2045 0.511x¢103 | 0.071710™3 | 0.0517¢1073 1.000 0.4659 2778 17.2p00°3 | 9.11x 8.08%10™3
4595 2039 +398 +OB00 JO275 2420 2718 8.97 6.39 4.64
3720 2057 + 540 L0543 0251 »1758 2687 68.53 4.19 5.53
-E530 2032 867 L0453 0216 1477 2871 5.47 3.61 5.08
a = 0.2l 6788 -5648 2651 18,70 5.33 8.83
3028
1.000 [ 0.479 | 2219 162003 | o.spao | o.zemac3 2115 20 | eits e e
. 3552 2214 1.13 258 182 1932 2573 5.50 1.54 %.58
«2075 8208 .T48 »180 +155
.1180 2200 462 2154 +00 37 5430 1176 2519 15.84 1.31 6.35
.3697 2488 7.87 901 4,00
884 +5551 212€ 1.57 0780 215 L2024 2472 5.88 759 3,13
4087 218C 1.06 , 0656 177 2683 2487 B.39 701 2.95
2610 2112 710 0687 142
.128% 2100 Al L0588 .0883 4759 +9090 2412 11.60 601 4,52
»4853 2330 8.67 A5 2.93
.738 8388 1940 844 0047 116 5808 2530 5.15 572 2.40
6353 1953 8680 .0845 0974 5235 2578 4.88 352 2.28
3070 1957 485 0748 0736
+2185 1954 « 306 ,0809 .0510 aw=0.70
T = 0.50 1.000 0.3118 2852 17.98¢10~3 | 11.98%0"5 |10.8ma0"3
3 ) 3 2480 2827 14.22 9.89 8.70
1.000 0.3419 2495 4,334X107¥ | 1.608X10 1.331X10 1765 2792 9,86 7.3 6.38
1872 2459 2.479 1.06). 845 1240 2765 6.89 5.49 4,68
.1521 2448 a2.070 900 »718
1133 2429 1.549 7155 577 4838 4878 2665 18.76 2.86 12.15
. 5890 2648 14,90 2.48 9.95
,7726 3788 2553 3. 454 418 1.121 .2680 2620 10.40 1.90 7.52
.2079 2351 2,040 .298 729 1865 2597 7.78 1.5% 5,89
.16848 2325 1,840 278 .869
1543 2313 1.578 832 537 «3851 8584 2528 15.65 8.61
5183 2615 12.50 7.19
68623 +5897 a215 2,733 27 707 5535 2495 8.85% 5,%4
2871 2202 1.640 0888 »481 2948 2485 7.4% 4.68
2548 2198 1.390 .0885 A2
L1611 2190 1.012 0786 .338 +FASE .8683 2424 15.57 8.24
<8857 2414 10,50 5.00
5862 9451 2035 1.922 0857 322 4568 2400 781 5.83
AB1B 2051 1.100 .0189 .218 .5814 2395 8.71 %.58
3560 2029 901 .0173 .189 , '
«2189 20286 812 0149 .145
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slot burner, dp/d,
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Figure 3. - Calculated rectangular-slot-burner quenching distances
compered with plane-parallel-burner guenching distances as a
functlon of width-to-length ratlo of rectangular burner.
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Pressure, p, atm
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